In the Leidenfrost effect, liquid drops deposited on a hot surface levitate on a thin vapor cushion fed by evaporation of the liquid. This vapor layer forms a concave depression in the drop interface. Using laser-light interference coupled to high-speed imaging, we measured the radius, curvature, and height of the vapor pocket, as well as non-axisymmetric fluctuations of the interface for water drops at different temperatures. The geometry of the vapor pocket depends primarily on the drop size and not on the substrate temperature.
In the Leidenfrost effect, liquid drops deposited on a hot surface levitate on a thin vapor cushion fed by evaporation of the liquid. This vapor layer forms a concave depression in the drop interface. Using laser-light interference coupled to high-speed imaging, we measured the radius, curvature, and height of the vapor pocket, as well as non-axisymmetric fluctuations of the interface for water drops at different temperatures. The geometry of the vapor pocket depends primarily on the drop size and not on the substrate temperature. The nearly frictionless motion of water droplets on a hot pan is familiar to any cook. Such Leidenfrost drops [1] levitate on a thin, insulating cushion of evaporated vapor (Fig. 1) . Above a Leidenfrost temperature T L there is a sudden increase in the drop lifetime [2] [3] [4] and the cessation of nucleated boiling. The stable vapor film, fed by the drop evaporation, drains under a thin annulus that resides closest to the substrate. Large Leidenfrost drops can undergo "star"-shaped oscillations [5] [6] [7] [8] , and a Leidenfrost vapor layer can reduce the drag on a hot solid falling in a fluid [9] . In addition, Leidenfrost drops can propel themselves upon a ratcheted surface [10] [11] [12] [13] as well as deposit micron-sized trails of nanoparticles [14] . Using light interference coupled to high-speed imaging, we measure the geometry of the vapor layer under a Leidenfrost drop. Although there are large fluctuations in its shape, over a wide range of temperatures a sustained vapor pocket exists whose average properties do not depend strongly on the evaporative flux from the drop.
We used reflected, monochromatic light to image thin vapor layers at high speeds, a technique we previously developed to study air layers beneath splashing droplets [15] . In the setup shown in Fig. 2a , a fused-silica prism is encased in an aluminum block covering all its sides except the front face and a circular hole on the top. The temperature of the prism was regulated up to T s = 370
• C. Above the Leidenfrost temperature T L ≈ 160
• C, drops of deionized water were deposited and were free to move in the circular hole. They were imaged until they completely evaporated, which occurred after a few minutes. The average temperature in the levitated drop was always 99 ± 0.5
• C as measured with a thermistor. Near boiling, the density of water is ρ = 958 kg m −3 and the surface tension is γ = 59 mN m −1 , so that the capillary length λ c = γ/ρg = 2.5 mm. For typical drop sizes used in our experiments, the gap height h neck between the hot substrate and the bottom of the drop ranged from 5 µm to 100 µm (Fig. 3a) .
We use a He-Ne laser with wavelength λ l = 632 nm and coherence length > 1 m. The beam was expanded to a diameter of ∼ 3 cm and sent into a prism at a small angle to prevent extraneous interference patterns generated be- • C. The arrows indicate the maximum drop radius rmax, the radius of the neck r neck , and the height of the neck from the surface h neck .
tween the faces of the prism and other optical elements. Only the gap between the substrate and the drop surface produced fringes. Approximately 3.5% of the light is reflected from the top surface of the prism and 2.1% from the bottom surface of the drop. The reflected light is imaged by a high-resolution camera (Prosilica GX3300) with an exposure time less than 100 µs. High resolution was necessary to minimize Moiré effects where the fringe spacing is comparable to the pixel size. Simultaneously, we measure the drop radius, r max , with white-light illumination from above and incident at a slight angle so that it reflects into the camera. (White-light interference, used to measure the very thin vapor layers in drop impact [16] , cannot be used here because static Leidenfrost vapor layers are much thicker.) A similar experimental setup was recently used to study the collapse of the Leidenfrost vapor layer under an applied electric field [17] .
The reflected light from the glass and liquid surfaces can interfere either constructively or destructively; the intensity is approximately I ∝ sin (2πh/λ l )
2 , where h is the distance between the substrate and the liquid surface. • C. The dark circular region is the shadow produced by the white light. Fringes are most visible in the neck region (outer ring interference pattern) and at the center of the gas pocket (inner concentric fringes). (c) Saddle interference patterns around the neck are due to surfaces with negative Gaussian curvature; circular patterns are due to surfaces with positive Gaussian curvature.
fringe is λ l /4 = 158 nm. As shown in Fig. 2b , fringes will be most visible in regions that are nearly flat (i.e., ∇h ≈ 0). This occurs near the center of the gas pocket and in the thin annular neck surrounding it. This method can measure only variations in h but not its absolute value. Because the gas pocket acts as a weakly-focusing convex mirror, the center is surrounded by a bright region.
The fringes encode the geometry of the liquid surface. Fig. 2b-c shows the fringe pattern created by curvature around the neck of the drop. Saddle patterns are produced when the Gaussian curvature is negative, and circular patterns are produced when the Gaussian curvature is positive. Since the neck is closest to the surface, the curvature in the radial direction must be positive; thus the circular patterns around the neck represent local minima. Fig. 3a shows measured values of h neck from horizontal images, such as Fig. 1 . (This technique only works for high T s where h neck /r neck is large so that rear illumination can pass under the drop without significant scattering.) Fig. 3b shows the size of the neck at 4 different surface temperatures, T s (and thus different evaporative gas fluxes). The neck radius, r neck , is nearly independent of T s and depends primarily on the drop radius r max . There is significant scatter in the data for small drop sizes. At all temperatures, small drops sometimes bounce with an amplitude that is a significant fraction of the drop radius. We are unaware of any reported studies of this phenomenon. However, we speculate that the bouncing is due to coupling between the evaporation and capillary oscillations of the drop.
We estimate the shape of a stable, isothermal Leidenfrost drop in the limit of negligible internal flow following ref. [4, 18] . Most of the drop is surrounded by a constant atmospheric pressure. Therefore, r max and r neck depend on gravity and surface tension, identical to that of a drop on a superhydrophobic surface, where the liquid interface is tangent to the substrate at r neck . Solving the YoungLaplace equation to obtain drop shapes [19] , we obtain for the superhydrophobic model the solid line in Fig. 3b which is in excellent agreement with the data.
Large drops have a thickness of order 2λ c [4] . There is a maximum size for Leidenfrost and gas-levitated drops before the gas pocket bubbles upward and turns the drop into a torus [4, 20, 21] . When this occurs, the gas pocket repeatedly rises and bursts through the top of the drop with a period of ≈ 1 sec, which is discussed in detail in ref. [4] . The maximum neck radius of a Leidenfrost drop is predicted to be r neck = r max − 0.53λ c when r max ≈ 3.95λ c , the maximum size of the drop at the initiation of the instability [20] . Our measurements of the maximum drop size and neck radius in Fig. 3b are within 4% of this prediction.
For small drops, r neck ≈ 0.8r 2 max /λ c , in agreement with [4, 18] . To calculate this prefactor, we consider a small, axisymmetric Leidenfrost drop with r max λ c . In this limit gravity has a negligible effect so that the Laplace pressure inside the drop is: P in = 2γ/r max . Underneath the drop, the pressure is P out = P in − 2γκ m , where κ m is the mean curvature of the drop/vapor-layer interface. If κ m 1/r max , then P out ≈ P in . As we show below, this is the case for small drops. This pressure must support the weight of the drop over the neck region: 
The curvature of the drop interface can be measured in regions where fringes are visible. Fig. 3c shows the curvature at the center of the gas pocket, κ center , averaged over two perpendicular directions given by the major and minor axes of the elliptical fringe pattern. Fig. 3d shows the curvature of neck in the radial direction, κ r neck , averaged over 4 points around the circumference of the neck. We find that 1/κ r neck ≈ 2.3λ c over our entire range of data, while 1/κ center seems constant at both small and large drop sizes, but changes by a factor of ∼ 10 between these regions. Both radii of curvature appear independent of T s and are significantly larger than r max for small drops, so that eqn. 1 is valid.
For small drops we can observe the entire interference pattern from the neck to the center (Fig. 4a) . By counting fringes we measure the difference in height, ∆h ≡ h center − h neck , which is indicated in Fig. 3e by solid and open black triangles. For larger drops we can estimate ∆h by assuming a simple model for the geometry of the vapor pocket. Given two parabolas centered at r = 0 and r = r neck with respective curvatures −κ center and κ r neck , a unique value of ∆h joins the two parabolas with a continuous derivative:
The squares and circles in Fig. 3e are points calculated using eqn. 2 and the measured values of κ center , κ r neck , and r neck . We find that ∆h varies by over 3 decades. Although we observe that h neck depends on the gas flux and thus the substrate temperature, T s , the data from Fig. 3 show that the geometry of the vapor pocket is nearly independent of T s .
We next examine deviations from the axisymmetric description of a Leidenfrost drop. At higher T s and smaller r max , there is only one extrema associated with the top of the vapor pocket. Fig. 4a shows an interference pattern for a small drop r max = 1.2 mm, with a concave center region surrounded by the annular neck. However, at lower T s and larger r max , there are multiple extrema indicating a complex interfacial geometry as seen in Fig.  4b . We interpret this as increasing pressure fluctuations when h neck is small (low T s ), or when r neck λ c so that higher-order perturbations are no longer strongly suppressed by surface tension. Fig. 2b and Fig. 4a-b show fringes around the circumference of the neck that allow us to calculate the height variation of the surface δh neck (θ) versus azimuthal angle θ. Fig. 4c shows δh neck (θ)/r max for drops of different sizes. For small drops, there is a single wavelength variation around the neck. For larger drops, higher-order modes produce more complex profiles. Using data for the average value of h neck from Fig. 3a , we estimate that δh neck (θ) can be as large as 20% of the average value of h neck (θ).
In conclusion, our measurements allow us to produce a quantitative picture of the Leidenfrost drop geometry. Using the curvature data from Fig. 3 , we can combine the two smoothly-joined parabolas (eqn. 2) with the shape of a superhydrophobic drop at r = r neck . Four different drop sizes are shown in Fig. 4d , showing spherical drops with flat bottoms at small r max , and drops near the onset of the instability at large r max . Counterintuitively, a drop on a very hot surface will survive for a surprisingly long time because it is levitated on an insulating layer of vapor. We have shown that the geometry of this insulating layer is nearly independent of substrate temperature, and depends only on the drop size. This vapor layer becomes unstable for large drops. Moreover, significant fluctuations exist in the central vapor pocket and around the neck region by which the vapor escapes. These fluctuations vary quickly in time and space, and may be important for drop propulsion, oscillations and the "star"-shapes observed at high temperature.
